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(57) ABSTRACT 

A p-type semiconductor includes a host material that is a 
semiconductor, an acceptor element and a localized band 
formation element. The acceptor element is doped to the host 
material and has fewer valence electrons than valance elec 
trons of at least one of the elements Which compose the host 
material. The localized band formation element is doped to 
the host material, is isovalent With at least one of the elements 
Which compose the host material, has smaller electronegativ 
ity than the electronegativity of the element(s), and forms the 
localized band Which activates holes of an acceptor level. 

6 Claims, 14 Drawing Sheets 
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FIG. 7A 
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FIG. 10 

First gallium nitride layer Second gallium nitride layer 

//// 
Conduction band 

/ 

Localized band 

Acceptor 
level ------- "ea-aeHa—G} -------------- -- 240meV 

120mevl 

/ / AilfV// / ‘ 





US. Patent Aug. 31, 2010 Sheet 12 0f 14 US 7,786,550 B2 

0 C) 
H O 
N N 
H 1—! 

FIG. 12 



US. Patent Aug. 31, 2010 Sheet 13 0f 14 US 7,786,550 B2 

FIG. 13 

EA EA 
y Holes 9 

Implantation Localized band 
of holes Acceptor level 

\<3: 1300 VB m 

FIG. 14 

1310 

Hetero-junction 
Lsemiconductor materialJ Active 

Ta rg et i P-type . layer 
material 'semlconductor 



US. Patent Aug. 31, 2010 Sheet 14 0f 14 US 7,786,550 B2 

FIG. 15 

1520 1510 
/ / 

l GaN IAIXGa1_XN| 

FIG. 16 

I [ I [ 1 I | I I 

la) AIN _ 

VBM of GaN 
(-8.37cV) 

_(b) A|N0.97A50.03 

MEWS-m 
_(C) A|N0_917As0_03::Mg _ 

EF=- 8.53C\i/\/\/\; 4 l A I 1 l l l 

-12 -10 -8 -6 -4 -2 
Energy[eV] 

DOS (arb.unit) 



US 7,786,550 B2 
1 

P-TYPE SEMICONDUCTOR AND 
SEMICONDUCTOR HETERO MATERIAL 
AND MANUFACTURING METHODS 

THEREOF 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 
The present invention relates to a p-type semiconductor 

and particularly to a p-type semiconductor with low resis 
tance. 

(2) Description of the Related Art 
In recent years, a nitride semiconductor based on gallium 

nitride has been commercially utilized for a full color display, 
a blue (long wave ranged from ultraviolet to yellow) light 
emitting diode used for a signal light and the like, a write/read 
apparatus for optical recording media and blue laser used for 
a laser microscope and the like. Further, the nitride semicon 
ductor is expected to be applied to media which enables 
high-density record and white light source which uses no 
mercury. Additionally, since an oxide semiconductor based 
on zinc oxide has a band gap of 3 .37 eV at room temperature, 
resistance to reducing gas, stability at a high temperature, and 
excellent transparence, it is expected to be applied to a trans 
parent conductive ?lm and like besides the above-mentioned 
media which enables high-density record, although it is not 
yet commercially utilized. 

There are some problems to realize and spread these tech 
nologies. The biggest problem is to realize a p-type semicon 
ductor with low resistance. To lower the resistance of a p-type 
semiconductor, it is necessary to increase hole carriers in a 
valence band which contribute to conduct electricity. To 
increase the hole carriers in the valence band, it is general 
practice to dope an acceptor dopant. However, an acceptor 
level of a nitride semiconductor used to realize these tech 
nologies is formed at a deep level in a forbidden band since 
electronegativity of nitrogen included in nitride semiconduc 
tor is large. Therefore, it is impossible to obtain a p-type 
nitride semiconductor with high concentration of hole cani 
ers even though an acceptor dopant is doped. For example, 
gallium nitride doped with magnesium as an acceptor dopant 
has activation energy of about 200 meV. Even gallium nitride 
doped with beryllium, which has the least activation energy, 
as an acceptor dopant, has activation energy of about 85 meV. 
The activation energy is extremely high compared with ther 
mal energy of about 26 meV at room temperature and there 
fore it is impossible to obtain a p-type gallium nitride semi 
conductor with high concentration of hole carriers. 
Additionally, an acceptor level of an oxide semiconductor is 
similarly formed at a deep level in a forbidden band since 
electronegativity of oxygen included in an oxide semiconduc 
tor is large. Therefore, it is impossible to obtain a p-type oxide 
semiconductor with high concentration of hole carriers even 
though an acceptor dopant is doped. For example, zinc oxide 
doped with nitrogen as an acceptor dopant has activation 
energy of about 200 meV. The activation energy is extremely 
high compared with thermal energy of about 26 meV at room 
temperature and therefore it is impossible to obtain a p-type 
zinc oxide semiconductor with high concentration of hole 
carriers. 
As the background art to solve these problems, there are 

“Manufacturing method of a p-type semiconductor crystal 
and a light-emitting device” (refer to Japanese Laid-Open 
Patent application No. 14-289918), “Transparent conductive 
?lm of zinc oxide” (refer to Japanese Laid-Open Patent appli 
cation No. 14-50229), “p-type Group III nitride semiconduc 
tor and manufacturing method and semiconductor device 
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2 
thereof” (refer to Japanese Laid-Open Patent application No. 
14-353144), and “Growth method of p-type ZnO oxide semi 
conductor layer and manufacturing method of semiconductor 
light-emitting element using the method” (refer to Japanese 
Laid-Open Patent No. 14-93821). These methods, which 
relate to methods for lowering resistance of a p-type semi 
conductor, make an acceptor level shallow and lower resis 
tance of a p-type semiconductor by doping an acceptor 
dopant and a donor dopant at the same time, and forming a 
composite which is made of an acceptor dopant and a donor 
dopant in host material. 

However, there is a problem that a p-type semiconductor 
with satisfactorily low resistance cannot be obtained by con 
ventional methods for lowering resistance of a p-type semi 
conductor. For example, according to a recent experiment 
report of ProfessorYoshida et al. of Osaka University, gallium 
nitride doped with magnesium as an acceptor dopant and with 
oxygen as a donor dopant at a rate of 2 to 1 has activation 
energy of about 50 meV. The activation energy is extremely 
high compared with thermal energy of about 26 meV at room 
temperature and therefore it is impossible to obtain a p-type 
gallium nitride semiconductor with satisfactorily low resis 
tance. 

SUMMARY OF THE INVENTION 

In view of the foregoing problem, it is the object of the 
present invention to realize a p-type semiconductor with low 
resistance. 

To achieve the above-mentioned object, the p-type semi 
conductor according to the present invention is a p-type semi 
conductor comprising a localized band formation element 
which is isovalent with at least one of elements which com 
pose the semiconductor and has smaller electronegativity 
than electronegativity of the element. Here, it is acceptable 
that the p-type semiconductor further comprises an acceptor 
element which has fewer valence electrons than valence elec 
trons of at least one of the elements which compose the 
semiconductor. 

Hereby, since an energy band ?lled with electrons is 
formed near to an acceptor level, an effect to activate many 
holes and lower the resistance of the p-type semiconductor is 
achieved. 

Additionally, it is acceptable that amount of the localized 
band formation element is larger than amount of the acceptor 
element. 

Hereby, since it is possible to widen the width of the energy 
band formed near to the acceptor level, an effect to conduct 
electricity with low resistance is achieved. 

Moreover, it is acceptable that the acceptor element has a 
lower energy level than a top of an energy band which the 
localized band formation element has. 

Hereby, since it is possible to activate all the holes, an effect 
to further lower resistance of the p-type semiconductor is 
achieved. 

Additionally, it is acceptable that the acceptor element and 
the localized band formation element are distributed uni 
formly. 

Hereby, since an energy band formed near to the acceptor 
level is isotropically formed, an effect to conduct electricity 
e?iciently is achieved. 

Moreover, it is acceptable that amount of the localized 
band formation element is 2 atom % or less. 

Hereby, since it is possible to make the width of the energy 
band formed near to the acceptor level appropriate, an effect 
to maintain the band gap of the semiconductor to which the 
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localized band formation element is not doped and to conduct 
electricity with low resistance is achieved. 

Additionally, it is acceptable that the compound semicon 
ductor is a nitride semiconductor. 

Hereby, since it is possible to activate many holes in a 
nitride semiconductor which has a deep acceptor level 
because electronegativity of nitrogen large, an effect to lower 
the resistance of a p-type nitride semiconductor is achieved. 

Moreover, it is acceptable that the compound semiconduc 
tor is an oxide semiconductor. 

Hereby, since it is possible to activate many holes in an 
oxide semiconductor which has a deep acceptor level because 
electronegativity of oxygen is large, an effect to lower the 
resistance of a p-type oxide semiconductor is achieved. 

Additionally, it is acceptable that a part including the 
acceptor element and a part including the localized band 
formation element are separated spatially. 

Hereby, since the part generating holes and the part trans 
mitting holes are separated and diffusion of holes are 
restraint, an effect to further lower the resistance of the p-type 
semiconductor is achieved. 

Moreover, it is acceptable that the part including the accep 
tor element and the part including the localized band forma 
tion element are different semiconductors. 

Hereby, since what the two semiconductors are combined 
as is the p-type semiconductor and different semiconductors 
are applied to each of the two semiconductors, an effect to 
raise design ?exibility of the p-type semiconductor drasti 
cally is achieved. 

Additionally, it is acceptable that the p-type semiconductor 
is a nitride semiconductor which has a crystal defect caused 
by missing of a Group III element, and the localized band 
formation element is at least one of phosphorus, arsenic and 
antimony. 

Hereby, since there is no need to dope the acceptor element, 
an effect to realize the p-type semiconductor with low resis 
tance easily is achieved. 

Moreover, it is acceptable that a semiconductor device has 
a layered structure that composes semiconductor layers 
which include a p-type semiconductor layer. 

Hereby, since it is possible to apply the p-type semicon 
ductor with low resistance as a semiconductor device, an 
effect to realize a semiconductor device with low power con 
sumption is achieved. 

Additionally, it is acceptable that the p-type semiconductor 
contacts an electrode with a junction. 

Hereby, since the electrode is contacted to the p-type semi 
conductor with a high concentration of carrier, an effect to 
lower the contact resistance with the electrode is achieved. 

Moreover, it is acceptable that the semiconductor device is 
a light-emitting semiconductor device. 

Hereby, since it is possible to apply the p-type semicon 
ductor with low resistance to a light-emitting semiconductor 
device, an effect to realize a light-emitting semiconductor 
device with high light-emitting e?iciency is achieved. 

Additionally, it is acceptable that the present invention is a 
hetero-junction semiconductor material comprising: a p-type 
semiconductor layer; and a target material layer which con 
tacts the p-type semiconductor layer with a junction and 
where holes are implanted from the p-type semiconductor 
layer, wherein the p-type semiconductor layer includes: an 
acceptor element which has fewer valence electrons than at 
least one of elements which compose the p-type semiconduc 
tor layer, and a localized band formation element which is 
isovalent with at least one of elements which compose the 
p-type semiconductor layer and has smaller electronegativity 
than electronegativity of the element, and the target material 
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4 
layer includes one constituent element which has smaller 
electron a?inity than electron af?nity of at least one of ele 
ments which compose the p-type semiconductor layer. 

Here, it is acceptable that the localized band formation 
element has an energy band at a same or lower energy level 
than energy at a top of a valence band of the target material 
layer. Additionally, it is acceptable that the target material 
layer further includes the acceptor element and that the p-type 
semiconductor layer has a smaller lattice constant than a 
lattice constant of the target material layer and a tensile dis 
tortion at a junction part between the p-type semiconductor 
layer and the target material layer. Moreover, it is acceptable 
that the hetero -j unction semiconductor material further com 
prises an intermediate layer where compositions of the p-type 
semiconductor layer and the target material layer mix 
between the p-type semiconductor and the target material 
layer. 

Additionally, it is acceptable that the target material layer is 
an aluminum indium gallium nitrogen layer; the amount of 
indium is 0~100%, the amount of aluminum is 0~100% and 
that the p-type semiconductor layer is a nitride semiconductor 
layer. Moreover, it is acceptable that the p-type semiconduc 
tor layer is an oxide semiconductor layer and that the p-type 
semiconductor layer is a ?uoride layer. Additionally, it is 
acceptable that the target material layer is a gallium nitride 
layer and the p-type semiconductor layer is a boron aluminum 
gallium nitrogen layer; the amount of boron is 0~100% and 
amount of gallium is 0~100%. Moreover, it is acceptable that 
the p-type semiconductor layer is an aluminum nitride layer 
and the localized band formation element is phosphorus or 
arsenic. 

Hereby, since the localized band is formed near the accep 
tor level and at the same or lower energy level than the top of 
the valence band of the target material layer, an effect to 
realize the hetero-junction semiconductor material which 
improves the activation e?iciency of holes and reduces the 
electric resistance component appearing the current/voltage 
characteristic of the hetero-junction semiconductor material 
is achieved. 

Additionally, it is acceptable that the p-type semiconductor 
layer has a different crystal structure from a crystal structure 
of the target material layer. Here, it is acceptable that the 
p-type semiconductor has an amorphous structure or a poly 
crystalline structure. 

Hereby, since it is possible to select the material of p-type 
semiconductor layer and the target material layer with high 
?exibility, an effect to realize the hetero-junction semicon 
ductor material with high design ?exibility is achieved. 

Moreover, it is acceptable that in a junction part between 
the p-type semiconductor layer and the target material layer, 
one or both of plane directions of both layers and a direction 
of atomic arrangements in a plane are different. 

Hereby, since it is possible to manufacture the hetero 
junction semiconductor material not only by the crystal 
growth method but by, for example, the wafer fusion method, 
an effect to realize the hetero-junction semiconductor mate 
rial to choose the manufacturing methods with high ?exibility 
is achieved. 

Additionally, it is acceptable that the target material layer is 
an n-type semiconductor layer with a high concentration. 

Hereby, since it is possible to realize a unipolar device 
using the tunneling effect, an effect to realize the hetero 
junction semiconductor material without the process of form 
ing an electrode on the p-type semiconductor layer is 
achieved. 

Moreover, it is acceptable that the p-type semiconductor is 
a buffer layer. 
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Hereby, since it is possible to manufacture the hetero 
junction semiconductor material using the p-type semicon 
ductor layer as a buffer layer, an effect to realize the hetero 
junction semiconductor material which simpli?es 
manufacturing process of the hetero-junction semiconductor 
material is achieved. 

Additionally, it is acceptable that the present invention is a 
semiconductor device having hetero-junction semiconductor 
material according to the present invention. 

Hereby, since the semiconductor device has the hetero 
junction semiconductor material which has high activation 
ef?ciency of holes and reduces an electric resistance compo 
nent appearing the current/voltage characteristic, an effect to 
realize the semiconductor device which enables low power 
consumption is achieved. 

Moreover, it is acceptable that the present invention is a 
method for manufacturing a hetero-junction semiconductor 
material which is formed on a semiconductor substrate and 
includes a p-type semiconductor layer and a target material 
layer which contacts the p-type semiconductor layer with a 
junction and where holes are implanted from the p-type semi 
conductor layer, the method to comprising: a semiconductor 
layer formation step of forming one or more semiconductor 
layers on the semiconductor substrate by a crystal growth 
method; a p-type semiconductor formation step of forming 
the p-type semiconductor layer on the semiconductor layer by 
the crystal growth method; and a target material layer forming 
step of forming the target material layer on the p-type semi 
conductor layer by the crystal growth method. Here, the 
p-type semiconductor layer, which the hetero-junction semi 
conductor material has, includes an acceptor element which 
has fewer valence electrons than at least one of elements 
which compose the p-type semiconductor layer and a local 
ized band formation element which is isovalent with at least 
one of elements which compose the p-type semiconductor 
layer and has smaller electronegativity than the element, and 
the method for manufacturing the hetero-junction semicon 
ductor material further comprising a doping step of doping 
the localized band formation element and the acceptor ele 
ment only to a part (depth: up to 0.1 pm) of the p-type 
semiconductor layer which contacts with the target material 
layer by an ion implantation method or diffusion method. 

Hereby, since the target material layer is formed after the 
p-type semiconductor layer has been formed, it is possible to 
form the target material layer regardless of the temperature of 
heating to form the p-type semiconductor layer. In other 
words, an effect to realize a manufacturing method for 
enabling the formation of the target material layer at low 
temperature is achieved. 
By the way, it is needless to say that the present invention 

can be realized not only as the p-type semiconductor and the 
hetero-junction semiconductor material described above, but 
also as another p-type semiconductor and other hetero-junc 
tion semiconductor material which have combined technical 
characteristics described above. 
As is apparent from the explanation above, by the p-type 

semiconductor according to the present invention, the accep 
tor level is formed near the localized band and all the holes in 
the acceptor level are activated and therefore an effect to 
realize the p-type semiconductor with low resistance is 
achieved. Additionally, by the p-type semiconductor accord 
ing to the present invention, since the p-type semiconductor 
has low resistance in the semiconductor device having the 
semiconductor lamination structure including the p-type 
semiconductor, an effect to reduce the operation voltage of 
the semiconductor device and reduce the power consumption 
is achieved. Moreover, by the p-type semiconductor accord 
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6 
ing to the present invention, since the p-type semiconductor 
has a high concentration of hole carriers in the semiconductor 
device having the semiconductor layered structure which 
composes semiconductor layer including the p-type semicon 
ductor contacted to an electrode, an effect to reduce contact 
resistance between the p-type semiconductor and the elec 
trode and lengthen the lifetime of the semiconductor device is 
achieved. 

Consequently, by the present invention, since it is possible 
to provide the p-type semiconductor with low resistance and 
therefore it is possible to realize the media which enables 
high-density record, and white light source which uses no 
mercury and the like is expected to be commercially utilized, 
its practical value is extremely high. 

Additionally, by the hetero-junction semiconductor mate 
rial according to the present invention, since the localized 
band is formed near to the acceptor level and at the same or 
lower energy level than the top of the valence band of the 
target material, an effect to realize the hetero-junction semi 
conductor material which improves activation ef?ciency of 
holes and reduce the electric resistance component appearing 
the current/voltage characteristic is achieved. 

Consequently, it is possible by the present invention to 
provide the hetero-junction semiconductor material which 
improves the activation ef?ciency of holes, reduces the elec 
tric resistance component appearing the current/voltage char 
acteristic and prevents the decrease of reliability because of 
heat generation. Therefore, its practical value is extremely 
high. 
As further information about technical background to this 

application, Japanese Patent Application No. 2003-059520 
?led on Mar. 6, 2003 and Japanese Application No. 2003 
306459 ?led on Aug. 29, 2003 are incorporated herein by 
reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, advantages and features of the 
invention will become apparent from the following descrip 
tion thereof taken in conjunction with the accompanying 
drawings that illustrate speci?c embodiments of the inven 
tion. In the drawings: 

FIG. 1 is a diagram showing conceptually the structure of 
a p-type semiconductor according to the ?rst embodiment of 
the present invention; 

FIG. 2 is a diagram showing the energy structure of the 
p-type semiconductor according to the ?rst embodiment; 

FIG. 3 is a diagram showing a cross section structure of the 
p-type gallium nitride semiconductor according to the ?rst 
example of the present invention; 

FIG. 4 is a diagram showing a crystal structure model of the 
p-type gallium nitride semiconductor according to the ?rst 
example; 

FIG. 5 is diagram showing the band structure of the p-type 
gallium nitride semiconductor according to the ?rst example; 

FIG. 6 is a diagram showing conceptually the structure of 
the p-type semiconductor according to the second embodi 
ment of the present invention; 

FIG. 7A and FIG. 7b are diagrams showing the structure of 
the p-type semiconductor according to a second embodiment; 

FIG. 8A and FIG. 8B are diagrams showing the energy 
structures of the p-type semiconductor according to the sec 
ond embodiment; 

FIG. 9 is a diagram showing a cross section structure of the 
p-type gallium nitride semiconductor according to the second 
example of the present invention; 
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FIG. 10 is a diagram showing the band structure of the 
p-type gallium nitride semiconductor according to the second 
example; 

FIG. 11 is a cross sectional structure of the hetero-junction 
semiconductor material according to a third embodiment of 
the present invention; 

FIG. 12 is a diagram showing conceptually the structure of 
the p-type semiconductor layer 110 according to the third 
embodiment; 

FIG. 13 is a diagram showing the energy structure of the 
hetero -junction semiconductor material according to the third 
embodiment; 

FIG. 14 is a diagram showing the energy structure of a 
unipolar device using the hetero-junction semiconductor 
material according to the third embodiment; 

FIG. 15 is a diagram showing the structure of the hetero 
junction semiconductor material using gallium nitride mate 
rial according to the third example of the present invention; 

FIG. 16 is a diagram showing the energy structure of the 
hetero -junction semiconductor material according to the third 
example. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The p-type semiconductor according to the embodiments 
of the present invention will be explained below with refer 
ence to ?gures. 

The First Embodiment 

FIG. 1 is a diagram showing conceptually the structure of 
the p-type semiconductor according to the present embodi 
ment. 

The p-type semiconductor aims to realize a p-type semi 
conductor with low resistance and is composed of host mate 
rial 100, an acceptor element 110 which is doped to the host 
material 100, and a localized band formation element 120 
which is doped to the host material 100. 

Here, the host material 100 is a simple semiconductor or a 
compound semiconductor. For example, a simple semicon 
ductor is represented by a silicon semiconductor, a germa 
nium semiconductor, and a diamond semiconductor; and a 
compound semiconductor is represented by a nitride semi 
conductor and an oxide semiconductor. By the way, a nitride 
semiconductor is a compound semiconductor including at 
least one of the Group III elements and at least one of the 
Group V elements including nitrogen; and an oxide semicon 
ductor is a compound semiconductor including at least one of 
the Group II elements and at least one of the Group VI ele 
ments including oxygen. 

Additionally, the acceptor element 110 is an element hav 
ing fewer valence electrons than at least one of the elements 
which compose the host material 100. For example, when the 
host material 100 is a nitride semiconductor, the acceptor 
element 110 is at least one of carbon, silicon, germanium, tin, 
beryllium, magnesium, zinc, cadmium and calcium; and 
when the host material 100 is an oxide semiconductor, the 
acceptor element 110 is at least one of nitrogen, phosphorus, 
arsenic and antimony. 

Next, the localized band formation element 120 is an ele 
ment which is isovalent with at least one of the elements 
which compose the host material 100 and has smaller elec 
tronegativity than electronegativity of the element(s). For 
example, when the host to material 100 is a nitride semicon 
ductor, the localized band formation element 120 is at least 
one of phosphorus, arsenic and antimony; and when the host 
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8 
material 100 is an oxide semiconductor, the localized band 
formation element 120 is at least one of sulfur, selenium and 
tellurium. 
The p-type semiconductor having a structure like this is 

manufactured by (l) preparing a substrate such as sapphire, 
silicon, silicon carbide, gallium arsenide, zirconium boride, 
magnesium aluminum complex oxide, lithium gallium com 
plex oxide and gallium nitride and (2) executing epitaxial 
growth, on the substrate, by Metal Organic Chemical Vapor 
Deposition method (hereinafter, referred to as MOCVD 
method), Molecular-Beam Epitaxy method (hereinafter, 
referred to as MBE method), hydride vapor deposition 
method and the like, in an appropriate chamber. 

FIG. 2 is a diagram showing the energy structure of the 
p-type semiconductor according to the present embodiment. 
The vertical axis represents energy and the horizontal axis 
represents state density. 

In FIG. 2, an acceptor level 230 is formed near to a valence 
band 200 in a forbidden band 220; and a localized band 240 is 
formed near to the acceptor level 230. Here, the acceptor level 
230 is formed by doping the acceptor element 110 to the host 
material 100. Additionally, the localized band 240 is ?lled 
with electrons and formed by doping the localized band for 
mation element 120 to the host material 100. Since the local 
ized band 240 is formed near to the acceptor level 230, the 
acceptor element 110 accepts electrons from the localized 
band 240 and leaves holes in the localized band 240. The 
present inventor supposes that the mechanism of forming the 
localized band 240 described above is as follows. Namely, the 
acceptor element 110 can easily capture electrons from the 
localized band formation element 120, which is doped to the 
host material 100 and has smaller electronegativity than elec 
tronegativity of at least one of the elements which compose 
the host material 100 and as a result, the localized band 240 
?lled with electrons is formed near to the acceptor level 230. 

Here, when the acceptor level 230 is higher than the top of 
the localized band 240, the acceptor element 110 cannot 
receive electrons from the localized band 240 without thermal 
energy. Therefore, the acceptor element 110 and the localized 
band formation element 120 are selected so that the acceptor 
level 230 is lower than the top of the localized band 240. 

Additionally, when the amount of the localized band for 
mation element 120 is smaller than the amount of the acceptor 
element 110, the width of the localized band 240 becomes 
very narrow and it is dif?cult to conduct electricity in the 
localized band 240. Therefore, the localized band formation 
element 120 and the acceptor element 110 are doped so that 
the amount of the localized band formation element 120 is 
larger than the amount of the acceptor element 110. 

Then, when the concentration of the localized band forma 
tion element 120 is high, the width of the forbidden band 220 
becomes narrower and the characteristics of the host material 
100 become weaker. Therefore, it is desirable that the amount 
of the localized band formation element 120 is 2 atom % or 
less. 

Additionally, when the acceptor element 110 and the local 
ized band formation element 120 are distributed in non-uni 
form space of the host material 100, the localized band 240 is 
formed in a spatially narrow part and at an energetically deep 
level, which prevents the conduction of electricity in the 
localized band 240. Therefore, the acceptor element 110 and 
the localized band formation element 120 are doped so that 
they are distributed uniformly in the host material 100. 
As is described above, by the p-type semiconductor 

according to the present embodiment, the acceptor level 230 
is formed lower than the top of the localized band 240. There 
fore, since the p-type semiconductor activates all the holes in 
















